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Abstract. Numerical experiments with a medium-resolution primitive equation model of 
the South Atlantic mean circulation are described. The results from the standard model 
realization indicate that the model succeeds in representing the large-scale transport and 
circulation features. However, a comparison with a velocity field derived from surface 
drifter data reveals discrepancies of the modeled velocities from the observations in 
magnitude as well as direction of the flow field. In order to diminish the model deviations 
from the data, an attempt is made to couple the model to the observations through a 
simple data assimilation technique. The assimilated model succeeds in improving the 
subtropical gyre circulation. Only a minor effect on the basin-scale integrated quantities is 
observed. However, the density field may be deformed as a response to the assimilation of 
velocity data without simultaneously adapting a corresponding density structure. The 
influence of the disturbance of the density structure is most prominent at the edges of the 
observed data set, which does not cover the entire model domain, and is confined to the 
upper ocean and balanced above the thermocline. We calculated a meridional heat 
transport that is generally in accordance with estimates from other sources. The analysis 
of heat and salt fluxes suggests that the model features both the so-called "warm water 
path" and "cold water path" in closing the global thermohaline circulation. While heat is 
mainly imported in surface and thermocline waters with the Agulhas Current around 
South Africa, it is the Antarctic Intermediate Water that compensates for more than 50% 
of the salt loss by the outflowing North Atlantic Deep Water. 
1. Introduction 
The circulation of the South Atlantic Ocean is characterized 
by complex features that result from the various water ex- 
change processes with the adjacent oceans. The South Atlantic 
connects the North Atlantic Ocean with the South Pacific and 
the South Indian Ocean, respectively. Thus it constitutes an 
area of key importance for the oceanic branch of the global 
cycles of heat and freshwater. The communication of the South 
Atlantic with the Pacific is restricted to the relatively narrow 
Drake Passage, where the Antarctic Circumpolar Current 
(ACC) penetrates the South Atlantic with a net transport of 
the order of 130 Sv (1 sverdrup = 10 6 m3/s) [see Whitworth and 
Peterson, 1985; Whitworth et al., 1982]. Unlike the situation at 
its western boundary, the South Atlantic has a wide open 
boundary to the Indian Ocean, where outflow from the Atlan- 
tic as well as inflow into the Atlantic occur. The relatively short 
southward extension of the African continent allows a direct 
communication of the western boundary current of the South 
Indian Ocean (Agulhas Current) with the South Atlantic. 
Within the South Atlantic itself the bottom topography and the 
interaction of the zonal ACC with the subtropical South At- 
lantic have an impact on the flow field and the water mass 
characteristics. As a consequence, the circulation is governed 
by a wide range of interacting processes from small-scale ed- 
dies to the long-term themohaline circulation. The eddies have 
a crucial importance for water mass transformation in the 
Brazil-Malvinas Current Confluence Zone (BMCZ) and for 
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the interocean exchange of thermocline waters with the Indian 
Ocean in the Agulhas Retroflection area. The small-scale ed- 
dies may contribute to the large-scale thermohaline circulation 
that is often described in an idealized picture. It states that the 
abyssal ayers of the South Atlantic represent a transition re- 
gion for the North Atlantic Deep Water (NADW) that is 
formed in the northern North Atlantic and is spreading into 
the world ocean via the South Atlantic, where it joins the ACC. 
Near the surface there must be a recirculating pathway for 
thermocline and intermediate waters from the Indian and Pa- 
cific Oceans into the South Atlantic. These water masses are 
eventually transferred into the North Atlantic to compensate 
for the outflowing NADW, thus closing the global thermoha- 
line circulation cell. This schematic flow is not directly observ- 
able on its entire path because of the long timescales involved 
and the dilution of the water mass characteristics through 
mixing and water mass transformations. However, modeling 
the ocean circulation may lead to an identification of the prev- 
alent path of the recirculating flow into the North Atlantic and 
give some clues on the control mechanisms and the stability of 
this flow. 
There are generally two possible approaches to modeling the 
circulation of the South Atlantic Ocean. One is to consider it 
as a subdomain of a global or hemispheric model. Examples 
are the eddy-resolving models of Semtner and Chervin [1992] 
and the United Kingdom Fine Resolution Antarctic Model 
(FRAM) [see The FRAM Group, 1991] or the global, not eddy- 
permitting model of England and Garfon [1994]. A different 
strategy is to compute a basin-scale model of the South Atlan- 
tic Ocean. Then the processes at the large open boundaries to 
the adjacent oceans have to be simulated by the model accord- 
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Table 1. Model Grid and Mixing Coefficients 
Value Parameter Definition 
dx 1.2 ø zonal resolution 
dy 1.0 ø meridional resolution 
Nz 30 number of levels 
d t 1 hour time step 
Subgridscale Mixing Coefficients, ctrt2/s 
.4 MH 1.0 X 108 horizontal viscosity 
.4HH 5.0 X 10 6 horizontal diffusion 
.4iso 1.0 X 10 7 isopycnal diffusion 
.4 MV 10.0 vertical viscosity 
A •v 0.3 vertical diffusion 
ingly. While, in global models, the processes in the transition 
region from one ocean to another are entirely determined by 
the model itself, they have to be parameterized by open bound- 
ary conditions in limited area models. On the other hand, the 
spatial limitation allows one to carry out numerical experi- 
ments at much lower computational costs than with a global 
model. 
The model results presented in this paper fit into the latter 
group of models. As our main objective is the determination of 
the mean circulation of the South Atlantic and the meridional 
transports, we use a noneddy-resolving, primitive equation 
model. The model complements the previously obtained re- 
sults from different South Atlantic models, notably those of 
Marchesiello et al. [1998] and Marchesiello [1995], who make 
use of the semispectral primitive equation model (SPEM) [see 
Haidvogel et al., 1991] (and the study of Matano [1993]). Ma- 
tano presents results obtained by using the same model type as 
in this paper, but with an emphasis on the physics of the 
Brazil-Malvinas Confluence Zone. 
We show first that the limited area, noneddy-resolving 
model with large lateral open boundaries and simple open 
boundary conditions is capable of simulating the large-scale 
circulation of the South Atlantic Ocean and related quantities 
reasonably well in comparison with results from other models. 
This is shown notably through a presentation of heat and 
volume transports. We analyze, in a more detailed discussion, 
the importance of water transfers from the Pacific and the 
Indian Oceans into the South Atlantic. 
In addition to a model intercomparison, model results have 
to be validated with observed quantities. Yet direct observa- 
tions of the hydrography and flow field below the sea surface in 
the South Atlantic are still relatively scarce (apart from near- 
shore areas and the boundary current regimes). The database 
consists mainly of cross-Atlantic hydrographic sections and 
Lagrangian observations from surface drifters and subsurface 
floats. Thus, in the past, a validation of model results was done 
mainly by comparison with either climatological data sets 
[Levitus, 1982] or regionally available observations. In this pa- 
per we use a velocity field derived from a surface drifter data 
set for this purpose. Because this comparison revealed some 
differences between the modeled and observed flow fields, an 
additional step was undertaken by assimilating the velocity 
observations into the model, thus reducing the model-data 
decrepancies. This is the second aim of this work: to study the 
influence of the assimilation of an observed velocity field in a 
single model layer on the three-dimensional circulation and 
hydrography of the model. 
The paper is organized as follows: the model and the assim- 
ilation method (both are commonly used in numerical model- 
ing) are briefly discussed in section 2. Some aspects of the 
standard or reference experiment are presented in section 3. It 
is shown that the model reproduces the essential features of 
the South Atlantic hydrography and circulation. However, as 
discussed in section 4, differences between a mean velocity 
field derived from drifter data and the model results appear in 
the representation of the mean flow in 100 m depth. The 
assimilation of the observed data leads to a reduction of this 
discrepancy and affects the meridional transports of volume 
and heat as discussed in section 5. Finally, in section 6, results 
from the reference and assimilation experiments are reviewed 
with respect to the role of the South Atlantic in the global 
circulation. The pathways of the surface and intermediate wa- 
ters into the North Atlantic are discussed in this context. 
2. Model 
The numerical model used in this study is based on the z 
coordinate, primitive equations. It was developed at the Geo- 
physical Fluid Dynamics Laboratory (GFDL) and is described 
by Bryan [1969]. The code was further developed notably by 
Cox [1984], who adapted the model for use on vectorizing 
computers, and by Pacanowski et al. [1991, 1995], who intro- 
duced the model in its modular formulation. The reader is 
referred to these authors for a complete description of model 
physics and numerics. 
The model domain extends from 74øW to 46øE and from 
78øS to 12øN. The horizontal resolution is 1.2 ø and 1 ø in zonal 
and meridional directions, respectively. The vertical axis is 
resolved in 30 levels. Below 1000 m depth the level thickness is 
250 m; in the upper ocean, layer thickness rises from 35 m in 
the top layer to 198 m above 1000 m depth. Bottom topography 
was taken from the 1 ø bathymetry data set of the Scripps 
Institution of Oceanography. Constant coefficients of diffusiv- 
ity and viscosity have been chosen as listed in Table 1. Isopy- 
cnic mixing is parameterized as described by Redi [1982]. 
Processes at an open boundary are parameterized as follows: 
in the case of an inflow, the water mass properties at the 
boundary are unbiased by the interior model solution and 
climatological data for salinity and temperature are prescribed. 
For outward directed flow, model temperature and salinity are 
relaxed to climatological values inside a boundary layer. This 
extends over the five grid rows adjacent and parallel to the 
respective edge. At the boundary itself the tracer values are 
again prescribed from climatological data. An additional in- 
crease of the coefficients for diffusion and viscosity inside the 
boundary zone dampens outward directed disturbances and 
suppresses reflections at the boundary. The coefficients rise 
with an e-folding scale by a factor of 10 at the boundary 
compared with their interior values. The baroclinic flow at the 
boundaries is consistent with the tracer distribution, i.e., in 
geostrophic balance. 
This rather simple boundary condition differs in many re- 
spects from the more sophisticated radiation boundary condi- 
tions [cf. Stevens, 1990, 1991]. In particular, it does not allow 
perturbations of the flow field explicitly to leave the model 
domain. Instead, they are dampened inside the sponge layer, 
close to a boundary. Reflections at the boundary may occur, 
nevertheless, but the penetration of a reflected wave into the 
model interior is unlikely because of the trapping effect of the 
boundary layer. However, the radiation condition has the clear 
advantage that the (simplified) model dynamics alone deter- 
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Figure 1. Meridional distribution of barotropic stream function (in sverdrups) at (left) eastern (Agulhas 
Current system) and (right) western (Drake Passage) open boundaries. 
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mine the boundary condition (in the outflow case), while in our 
model an additional (a priori unphysical) term forces the 
model solution to remain close to the prescribed climatological 
boundary values. 
Both parameterizations are possible approaches to simulate 
open boundary processes in such a way that the model evolves 
largely unaffected away from the boundaries. This has been 
demonstrated by Stutzer [1997] in a comparison between our 
model with the simple boundary condition and in another 
model with Stevens' [1990, 1991] open boundary condition ap- 
plied. The latter model is the 1 ø Community Modeling Effort 
(CME) model of the North Atlantic Ocean [D6scher and Re- 
dler, 1997] that overlaps the South Atlantic model between 
15øS (southern boundary of the North Atlantic model) and 
12øN (northern boundary of the South Atlantic model). Both 
simulations represent the hydrography and the interior flow 
field with similar results, indicating that the simulated circula- 
tion of the tropical Atlantic is only marginally sensitive to the 
specific open boundary condition applied. 
Additional lateral boundary conditions are required for the 
barotropic stream function. In order to simulate the inflow and 
outflow of the ACC as well as of the Agulhas Current (AC) 
and Agulhas Return Current (ARC), the following cross- 
boundary transports have been prescribed: the ACC carries 
130 Sv in Drake Passage and at 45øE, while the inflowing AC 
and the outflowing ARC balance each other by transporting 60 
Sv each. The barotropic inflow is concentrated in the northern 
half of Drake Passage, as sketched together with the barotropic 
Agulhas Current System inflow and outflow profiles in Figure 
1. 
For the assimilation of velocity data into the model, we used 
the nudging technique that has been introduced into oceanog- 
raphy during the last decade and widely used since then (see, 
for example, Holland and Malanotte-Rizzoli [1989]). In the 
nudging formulation an additional term including the model- 
data difference of the respective variable is attached to the 
prognostic equation as demonstrated here for the zonal veloc- 
ity component u 
1 
u, = -P x + f v + L ( u ) + A + (Uob s -- Umod) 
Tvel 
where v, p, and f are the meridional velocity component, 
pressure, and Coriolis parameter, respectively. Indices x and t 
indicate derivatives in the respective coordinate. The operator 
L(u) includes the advective terms; .4 represents the parame- 
terization of subgrid-scale processes. The meaning of the new 
term on the right-hand side is that the model is nudged toward 
the observed value by adding the difference between an ob- 
served velocity u ohs and the simulated velocity Umo d. 
Directly observed velocity data have scarcely been used for 
assimilation into numerical models. Recent experiments of 
Woodgate [1997], who used simulated data for assimilation into 
the free-surface Bryan-Cox [Bryan, 1969; Cox, 1984] model, 
yielded rather discouraging results, since the assimilation in 
the baroclinic velocity components excites inertia-gravity oscil- 
lations with a high wave frequency that can be resolved by the 
baroclinic time step. Thus the model becomes numerically 
unstable if only velocities are assimilated in the baroclinic 
mode. However, the experiments that are discussed in this 
paper remained numerically stable for two reasons. First, we 
used the rigid lid approximation which eliminates the external 
high-frequency gravity mode. Second, as explained in detail 
below, the assimilation of velocity data was carried out contin- 
uously. The only time-varying part of the assimilation is a result 
of the model-data difference that varies (usually decreases) 
during the integration. Except for the onset of the assimilation 
when a planetary wave is generated as a barotropic response to 
the disturbance of the baroclinic velocity field, there are no 
wavelike disturbances created in the barotropic mode. 
In our experiments the strength of the assimilation depends 
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Figure 2. Mean barotropic stream function from the reference experiment. Numbers are in sverdrups. 
on the model-data difference and on the timescale rvc •, which 
itself is usually a function of time. We drop this time depen- 
dence and apply (1) in one single model level, since we are 
using just one data set in one depth. Finally, the parameter rvc •
is set to rv• • - 6 hours. As this timescale is rather short, it is 
expected that the nudging term might become of the same 
order of magnitude as the physical terms in (1). Sensitivity 
experiments [Stutzer, 1997] have shown that this term does 
indeed dominate the nonlinear and frictional terms of the 
momentum balance but is significantly smaller than the leading 
geostrophic terms, since the density field responds only slowly 
to the changed advection of salinity and temperature. The 
strong relaxation ensures that the directly affected model level 
adapts closely to the imposed velocity field without causing 
unrealistically large disturbances of the tracer fields. The con- 
sequences of this assimilation are discussed in section 5. 
Results presented in this paper are obtained from two model 
realizations. Both were set up on the final state of a 25 year 
spin-up experiment hat was started from an ocean initially at 
rest and with a tracer initialization adapted from the clima- 
tologies of Levitus [1982] and Olbers et al. [1992]. North of 
30øS, the former data set was used; south of 35øS, we used 
exclusively the latter climatology which covers the Southern 
Ocean only. In the narrow zone in between, both data sets have 
been merged linearly. The differences between the climatolo- 
gies (e.g., the Southern Ocean climatology generally resolves 
fronts better than the rather smooth Levitus data set) made it 
necessary to compute a relatively long spin-up experiment hat 
allowed a baroclinic adjustment and adaptation of the model 
fields to the initial tracer distribution. 
The first experiment, called the reference run, is merely a 
continuation of the spin-up and was integrated over an addi- 
tional 10 years. Mean fields were computed using the last 5 
years of that period. The second simulation, denoted the re- 
laxation experiment, was run over 10 years, again using the last 
5 years of the integration to compute annual averages. During 
the whole period of the relaxation experiment the observed 
data were assimilated as described above. The integration time 
is sufficiently long for the tracer and velocity fields in the upper 
ocean to adjust to the momentum forcing in one model layer. 
The first experiment was run for the same time span to obtain 
a consistent reference data set. 
Both experiments (except for the data assimilation proce- 
dure) were identical. Thus the same forcing fields were used in 
the simulations: the surface wind forcing consisted of the 
monthly mean wind stress climatology from Hellermann and 
Rosenstein [1983]. Relaxations toward sea surface salinities 
[from Levitus, 1982] and apparent air temperature [from Oort, 
1983] were used as the thermohaline boundary conditions at 
the sea surface. 
3. Numerical Experiments: Reference Run 
In this section the modeled mean flow field and hydrography 
from the reference run are presented. The mean barotropic 
stream function is depicted in Figure 2. While the ACC is 
mainly driven by its prescribed inflow of 130 Sv in the Drake 
Passage and its outflow between Africa and Antarctica, there is 
a well-established, wind-driven subtropical gyre to the north of 
the ACC. At its western edge the Brazil Current appears to be 
rather strong as a result of the southward flowing surface, 
intermediate, and deep water masses. The latitude of separa- 
tion of the Brazil Current is about 45øS and thus shifted by 
approximately 7 ø too far to the south when compared with 
observations. The same feature is exhibited in the results of 
England and Gargon [1994] using the same model type with a 
likewise coarse horizontal resolution. This model behavior is a 
well-known effect of level models when using a coarse grid and 
can be avoided by a higher horizontal resolution as has been 
demonstrated, for example, by Matano [1993]. 
The eastern boundary current of the subtropical South At- 
lantic, the Benguela Current, is reproduced as a broad and 
weak one. It is partially fed by Indian Ocean thermocline water 
leaking from the AC. The contribution of Indian Ocean water 
into the South Atlantic through the Agulhas Current system 
amounts to approximately 15 Sv. This transfer rate is of the 
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Velocity field and temperature distribution at 900 m depth from the reference experiment. 
same order of magnitude as has been observed and reported, 
for instance, by Clement and Gordon [1995] and Gordon et al. 
[1992]. The value is in between other model estimates; it is 
much smaller compared with the FRAM results [Thompson et 
al., 1997] but considerably higher than the 5-8 Sv inflow used 
by Marchesiello [1995] and Matano and Philander [1993] as an 
initial boundary value at 20øE. 
To give an impression of the flow field as it is simulated by 
the reference model, consider the mean flow of Antarctic In- 
termediate Water (AAIW) in 900 m depth, depicted in Figure 
3. It is characterized by the gyrelike spreading of AAIW be- 
tween 20 ø and 40øS. The extended westward flow in the central 
and northern parts of the gyre (between 20 ø and 35øS) bifur- 
cates at the South American shelf, near 30øS, into a northward 
branch that eventually leaves the South Atlantic and a south- 
ward, recirculating part below the near-surface Brazil Current. 
This gyre circulation is maintained by inflowing AAIW through 
the Agulhas Current system, while only a small fraction of 
AAIW is mixed into the subtropical gyre across the ACC. 
The model also reproduces the distribution of tracers in a 
satisfying manner. In Figure 4 a meridional salinity section 
from the model is presented. It extends over the same latitu- 
dinal range as two hydrographic sections that were sampled in 
spring 1989 and analyzed by Tsuchiya et al. [1994]. When com- 
paring the model results to actual hydrographic sections, one 
has to keep in mind that the model represents a spatially 
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Figure 4. Salinity section along 25øW from 54øS to iøN from the reference experiment. 
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Figure 5. Trajectories of the World Ocean Circulation Experiment South Atlantic surface drift data set after 
rejecting data from undrogued buoys. 
smooth, multiyear mean state on a coarse grid while the con- 
ductivity-temperature-depth (CTD) section resembles more a 
momentary snapshot. Thus the observed extreme values of 
salinity within the AAIW and NADW are not reproduced by 
the model, which naturally is also unable to simulate small- 
scale features that appear in the CTD section. Under these 
premises the model simulates the characteristics and meridi- 
onal extension of the dominant water masses in close corre- 
spondence with the observation. That is, the vertical sequence 
of surface, intermediate, deep, and bottom water masses is 
reproduced as is their meridional spreading. Most prominent, 
the northward erosion of the AAIW, marked by its slowly 
increasing salinity minimum toward the north and the accom- 
panying decrease of the layer thickness, is reproduced by the 
model. The subsurface salinity maximum is attributed to the 
NADW that is characterized by its southward extension into 
the Argentine Basin. Since no restoring to climatologies of T 
and S has been applied below the sea surface during the inte- 
gration, the model tracer fields may deviate from their initial 
distribution. By the end of the reference experiment, for ex- 
ample, the upper ocean was colder and freshet, the interme- 
diate water was warmer and saltier, and the deep waters were 
slightly warmer than at the beginning of the experiment. 
4. Drifter Data 
In this section the model flow field in 90 m depth is com- 
pared to a velocity field derived from surface drifter data. 
Before discussing this in detail, the data set itself is briefly 
introduced. 
As part of the World Ocean Circulation Experiment 
(WOCE) field program, 273 surface drifters were deployed in 
the South Atlantic Ocean and the southwestern Indian Ocean 
between 1990 and 1995. Schi•fer and Krauss [1995] analyzed in 
detail the then available data set with respect to the South 
Atlantic eddy statistics. All buoys were equipped with a drogue 
in 100 m depth to ensure that they follow the quasi-geostrophic 
dynamics below the surface Ekman layer. Krauss et al. [1989] 
showed that undrogued buoys tend to move faster as a conse- 
quence of the dominant wind forcing in the absence of a 
drogue. This leads to kinetic energy levels much too high to be 
representative of the geostrophic flow. To prevent a contami- 
nation of the data set by undrogued buoys, only those data 
were withheld that were recorded before a drifter lost its 
drogue. In most cases the separation of the time series into 
drogued and undrogued parts could be done directly from the 
raw data. Ambiguous parts of the time series were examined 
following the method discussed by B•gge and Dengg [1991] 
and rejected in doubtful cases. The remaining trajectories of 
the drogued drifters are depicted in Figure 5. While the buoys 
are concentrated in the regimes of the boundary currents, in 
the tropical and southwestern South Atlantic there exist vast 
areas with no data coverage at all like the region west of the 
Agulhas Retrofiection area and the tropical South Atlantic 
northeast of the South Equatorial Current (SEC), respectively. 
The derivation of quasi-Eulerian velocities from the drifter 
data requires the application of a suitable interpolation 
method that provides a velocity field on the regular model grid. 
A statistically reliable mean velocity field on the model grid 
could be obtained with a relatively simple averaging approach: 
it was created by computing means of all available data inside 
a horizontal box of 3 ø x 3.6 ø in latitude and longitude, respec- 
tively, with its center on a model grid point. This was done for 
every grid point. The distance of the data points inside the 
averaging box to its center was taken into account by using a 
linear weighting function. This diminishes the fact that one 
data point may influence the mean values at up to nine model 
grid points. By this method a mean velocity was obtained as far 
as observed data were available. This mean field is not yet a 
statistically reliable result because of neglecting any Lagrang- 
ian timescale and a stability criterion for the mean values. By 
using a Lagrangian timescale of 2 days and rejecting all of 
those mean values computed with less than 100 independent 
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Figure 6. (top) Mean velocity field derived from the drifter data set. (bottom) Velocity field at 90 m depth 
from the reference model at the same locations where observed data are available. 
buoy days, a statistically reliable mean velocity field is ob- 
tained. This meets approximately the conditions for statisti- 
cally stable mean velocities derived from drifter data as dis- 
cussed by Bnigge [1995] for equally sized boxes in the North 
Atlantic and by Schiifer and Krauss [1995] for boxes of varying 
shape in the South Atlantic. 
The resulting mean field is shown in Figure 6 (top). The flow 
field is not free of divergences. They are small, however, and 
have only a minor effect on the model results as discussed 
below. A comparison with the drifter trajectories shows where 
the data coverage was sufficient for deriving mean velocities. 
Thus one observes well-developed currents like the Benguela 
Current, South Equatorial Current, and Antarctic Circumpo- 
lar Current west of 30øW. The Brazil Current and the Malvi- 
nas/Falkland Current are less well developed, and the southern 
boundary of the subtropical gyre is missing altogether. There 
and in other vast areas of the South Atlantic the data coverage 
was not adequate to compute averages. 
This mean velocity field serves from now on as an observed 
mean state of the South Atlantic circulation in 100 m depth. 
While it may seem premature to use this flow field in the model 
and leaving large gaps in the circulation scheme, we neverthe- 
less made the assimilation experiment with this mean field 
because it is as close as possible to the original drifter data set. 
An additional objective analysis does close many of the gaps in 
the subtropical gyre but introduces additional features such as 
meanders in the large-scale flow field that are the result of the 
statistical analysis rather than grounded in physical arguments. 
A comparison with the velocity field in approximately the 
same depth from the reference model run depicted in Figure 6 
(bottom) reveals some remarkable differences. One is the 
weak Benguela Current in the model which appears stronger in 
the observed data. Another is the broad northwestward flow of 
the SEC that contradicts the almost zonally flowing SEC as 
measured by the drifter data. Finally, we stress the weak link 
between the ACC and Brazil-Malvinas Confluence Zone which 
is restricted to the westernmost part of the Falkland Plateau in 
the drifter data and is almost absent east of 55øW, while it is 
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well established in the model. This missing link between the 
Malvinas Current south of the confluence region and the ACC 
after leaving Drake Passage is a striking feature that appears 
also in other data sets from surface drifters. It can be observed 
in our buoy data set as well as, for example, in the First Global 
Atmospheric Research Program Global Experiment (FGGE) 
drifter data set [see Hofmann, 1985; Johnson, 1989]. While 
there is no continuous Malvinas Current observed near the sea 
surface, it is well established in greater depth as documented 
by Autonomous Lagrangian Circulation Explorer (ALACE) 
floats [Davis et al., 1996]. 
5. Numerical Experiments: Assimilation 
Experiment 
The strong coupling of the horizontal velocity at one model 
level to a velocity field derived from surface drifter data pre- 
vents a free evolution of the flow field at the directly affected 
level. It is ensured, instead, that the model remains there close 
to the imposed state. Therefore the assimilation is alternatively 
called relaxation. The model levels above and below are not 
directly disturbed, although an indirect influence keeps work- 
ing through the vertical advection and diffusion of momentum. 
In the following the effect of this assimilation is discussed in 
comparison with the corresponding results from the reference 
run. This will be done by reviewing the effects of the assimi- 
lation from the regional scale of a South Atlantic subdomain to 
integrated quantities of the entire South Atlantic. 
The discussion is first restricted to the area where optimal 
data coverage is achieved. This is the case for the central 
subtropical gyre as shown in Figure 7. The mean velocity fields 
of the reference run and the relaxation run are depicted in 
Figures 7, top and bottom, for the third model level (centered 
at 90 m) and for level 9 (centered at 474 m), respectively. Near 
the sea surface the relaxation causes a generally enhanced flow 
and a different orientation of the circulation in comparison to 
the standard experiment. This is an anticipated result, as the 
assimilation method forces the model to adapt closely to the 
observed, predominantly westward flow in this region. At 
474 m depth the assimilation has a still visible remote effect on 
the circulation, although significantly reduced with regard to 
the near-surface flow. This is to be expected, too, because the 
direct influence of the observed data on the model momentum 
balance decreases with increasing depth. 
The coupling to the velocity data affects the tracer distribu- 
tion as shown in Figure 8. Along a zonal section the differences 
between the mean modeled temperature from the reference 
run and the annual mean temperature climatology of Levitus 
[1982] (Figure 8, top) and between the temperature from the 
assimilation run and the climatology (Figure 8, bottom) are 
displayed. The section is located at 19øS between the bounding 
longitudes of the region shown in Figure 7 and extends over 
the upper 900 m of the ocean. The comparison between the 
reference run and the climatology indicates a drift of the model 
tracer field during the integration of the spin-up and the ref- 
erence experiment. Deviations of more than 2øC emerge as the 
model tends to cool the upper 100 m and to warm the ther- 
mocline waters between 200 and 700 m depth. 
The assimilation of velocity data has an ambiguous effect on 
the temperature distribution. On the one hand, it appears as an 
enhanced cooling of the directly affected layer in 90 m depth of 
up to 4øC as compared to the climatology. This decrease of 
temperature near the sea surface is a result of the strong 
Benguela Current that appears in the observed data set. The 
assimilation intensifies this current in the model. This strength- 
ening is only partly caused by a stronger advection of water 
from the AC. It is also attributed to an intensification of the 
nearshore flank of the current that causes cooler upwelled 
water to be fed into the Benguela Current, leading to a stron- 
ger northwestward advection of relatively cold water. The 
model does not properly resolve the narrow upwelling zone 
and the coastal upwelling jet. However, the integrated effect of 
the upwelling is included; that is, the general eastward de- 
crease of temperature and the upward sloping of isotherms in 
the upper ocean near the African Shelf are observed in the 
model. While this cooling seems to indicate a worsening of the 
model results with respect to the climatological data set, there 
appears, on the other hand, a smaller model-data difference in 
levels below where the warming trend, as observed in the 
reference model, is reduced to 1.5øC and less. 
In addition to the stronger horizontal advection, the data 
assimilation causes divergences of the flow field. This is prob- 
lematic, especially in the transition regions between areas 
where observed data are available and those where this is not 
the case. The vertical velocities induced in the transition zones 
may lead to an enhanced vertical advection of tracers, thus 
slowly reshaping the density structure. However, the thermo- 
cline limits this effect in the vertical. Therefore it is more 
appropriate to look at the influence of the assimilation on the 
warm water sphere as a whole rather than on a single section. 
Let us define the warm water sphere by the thickness of the 
water column with a minimum temperature of 9øC (or, equiv- 
alently, the depth of the 9øC isotherm). This is depicted in 
Figure 9 (top to bottom) for the reference model, the assimi- 
lation run, and the climatology of Levitus [1982], respectively. 
Obviously, the relaxation of velocity data increases the thick- 
ness of the warm water pool in the central subtropical gyre and 
stretches it to the east. This structure is similar to that observed 
in the climatology. In the assimilation experiment he stronger 
Benguela and South Equatorial Currents are responsible for 
the intensified flow within the subtropical gyre, while there is 
only a small additional contribution to the northward flowing 
North Brazil Current. The enhanced anticylonic flow deepens 
the warm water cell. This is in contrast to the result derived 
from the reference run, where the warm water sphere is com- 
paratively shallower and its maximum thickness is restricted to 
the region west of the Mid-Atlantic Ridge. 
The intensified flow of the subtropical gyre interior can also 
be identified in Figure 10. Depicted is the difference of the 
amplitudes of the barotropic stream function from the refer- 
ence and relaxation experiments. Negative values indicate a 
higher absolute stream function value in the relaxation run and 
vice versa. The image may be divided into three regions, 
namely, the subtropical gyre with higher values from the re- 
laxation run, the domain of the SAC where it produces lightly 
lower values, and the ACC where the relaxation experiment 
has lower stream function amplitudes. The last feature is 
mainly a result of the Malvinas Current which is absent in the 
drifter data set. This, in turn, weakens the northern part of the 
ACC in the relaxation experiment. This is reflected by the 
decreased stream function amplitude as compared with the 
reference experiment. 
The increased amplitude of the subtropical stream function 
field in the northern and central subtropical gyre as a conse- 
quence of the assimilation indicates the momentum input by 
the observed velocity data. However, the stream function dif- 
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ferences between the two model realizations are small in the 
vicinity of the subtropical front. It follows that the horizontal 
gradients across the gyre and thus the barotropic velocities 
within it are intensified bythe assimilation procedure. 
5.1. Meridional Volume Transport 
The thermohaline-driven meridional overturning circulation 
is shown i  Figure 11 for the standard experiment. The dom- 
inant water masses (northward flowing AAIW and NADW, 
directed southward) areeasily identified. Approximately 15 Sv 
of NADW are crossing the equator southward, while about 4 
Sv of AAIW are transferred to the North Atlantic. A north- 
ward transport of AABW is almost nonexistent as a conse- 
quence of limited AABW production in the Southern Ocean 
and the topographic blocking of a deep northward flow from 
the Argentine into the Brazil Basins. 
Before dealing with the zonally integrated northward vol- 
ume transport inmore detail, we define three vertically inte- 
grated water types as suggested by Gordon etal. [1992]. The 
warm water or thermocline water is warmer than 9øC and 
confined to the upper 1500 m. The intermediate water encom- 
passes the depth range between the 1500 m isobath and the 
9øC isotherm orthe sea surface, respectively, if there is no 
water warmer than 9øC. Finally, all water below 1500 m is 
called eep water. These definitions are somewhat arbitrary 
because, for example, the intermediate water includes the 
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whole upper ocean, south of the subtropical front, while in the 
north it may contain traces of NADW in the tropical Atlantic 
where deep water rises above the 1500 m isobath. However, to 
be consistent with Gordon et al. [1992] as well as England and 
Gargon [1994], we keep this particular water type definition. 
The zonally integrated northward volume transport of sur- 
face and intermediate waters only is presented in Figure 12. In 
the case of the standard experiment the flow of intermediate 
water to the north decreases continuously from south to north, 
with the exception of a suddenly enhanced flow just south of 
10øS, where the subtropical gyre reaches its northernmost ex- 
tension near the South American coast. The transport of warm 
surface water behaves complementarily to the intermediate 
water but with a slightly weaker overall south-north gradient. 
This indicates the growing influence of southward flowing 
NADW in depths below 1000 m within the intermediate water 
type that accompanies the erosion of the AAIW layer to the 
north. 
The impact of the relaxation of velocity on the northward 
volume transport is mainly visible south of 10øS. The stronger 
northward flow of warm surface water in the subtropics is 
almost completely balanced by the weakening of the transport 
of intermediate water to the north. Again, the latitude of 10øS 
marks the northernmost tip of the subtropical gyre where the 
North Brazil Current forms and effectively transports waters to 
the north. The more prominent effect of the assimilation south 
of this latitude is an indication of the already mentioned in- 
tensification of the circulation inside the subtropical gyre. 
Table 2 provides volume transports across 30ø/32øS, 68øW, 
and 20øE from different sources. The transport estimates differ 
considerably between the models. All simulations result in 
northward transports of surface and intermediate water 
masses. Depending on the strength of the southward flow of 
NADW, the relative contribution of the AAIW and surface 
waters to the compensating northward flow varies. Except for 
the reference experiment, all cited analyses result in a some- 
what stronger contribution of the near-surface flow and a 
weaker contribution of AAIW. Generally higher transport 
STUTZER AND KRAUSS: SOUTH ATLANTIC CIRCULATION MODEL 30,995 
O o 
5øS 
10øS 
w 1 5øS 
• 20øS 
• 25øS 
-J 30oS 
35os 
40oS 
45oS 
O o 
5os 
10øS 
w 15øS 
• 20øS 
• 25øS 
--J 30os 
35øS 
40øS 
45øS 
0 o 
5os 
10øS 
w 15øS 
• 20% 
• 25øS 
--• 30os 
35øS 
40øS 
45øS 
I I I I 
f ;00• 
•400-- 
I I I I I I I I 
60øW 50øW 40øW 50øW 20øW 10øW OøF 10øE 20øE 
LONGITUDE 
I I I 
500• 
550 
,00 
400 -- 
45 
60ow 50øW 40øW 50øW 20øW 10øW OøE 10øE 20øE 
LONGITUDE 
I I I I I 
450 
I I I I I I I I 
60øW 50øW 40øW 50øW 20øW 10øW OøF 10øE 20øE 
LONGITUDE 
Figure 9. Depth (in meters) of the 9øC isotherm as deduced from (top) the reference model, (middle) the 
relaxation model, and (bottom) the Levitus [1982] climatology. 
rates are observed for FRAM, which is the only model in this 
comparison that explicitly resolves mesoscale ddies. 
The differences of the transport data across the meridional 
sections reflect the different properties of the ACC which is, in 
global models, often stronger than observed, while, in regional 
models, it depends on the boundary conditions. The data show 
consistently the tendency of zonally (eastward) increasing 
transport of deep water masses and decreasing AAIW trans- 
port, while exhibiting large differences in the actual transport 
rates. 
The results from our model correspond well with the data 
from England and Gar•on [1994] and Marchesiello [1995]. The 
former model closely matches the results from the assimilation 
experiment for the zonal section. The larger differences be- 
tween the deep water transports across the meridional sections 
are attributed to the stronger ACC in the global model. For 
these sections we observe rather close correspondence of our 
results with those of Marchesiello [1995]. The deviating esti- 
mates for the transport within the surface layers is attributed to 
the definition of these layers (temperature criterion versus 
density criterion) and the barotropic inflow condition for the 
AC. The effects of differing model design, surface forcing, and 
lateral boundary conditions are of minor importance for the 
volume transports across the meridional sections. 
The results from the reference and assimilation simulations 
deviate from the model of Matano and Philander [1993]. The 
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experiments. 
northern boundary of their model domain is positioned at 
20øS, while our model reaches well into the North Atlantic. 
Some of the previously shown figures indicate that the sub- 
tropical gyre in our model extends into the tropical South 
Atlantic north of 20øS. It represents a freely developed closed 
circulation that has not been forced by an adjacent boundary 
into its present form. In addition, the model features a Deep 
Western Boundary Current along the South American coast 
that causes the strong NADW signal and which might be 
weaker in the model of Matano and Philander [1993], where it 
represents mainly the situation at 20øS as it exists in the cli- 
matological boundary data set. This may lead to significantly 
different estimates of volume fluxes across 30øS. Differences in 
the open boundary conditions, in the specification of the ACC 
in Drake Passage, and in spatial resolution add to the devia- 
tions. 
We conclude that the volume transports deduced from the 
reference and assimilation experiments agree generally well 
with other models of similar experimental design or compara- 
ble horizontal resolution. Remaining differences are due to 
different model types and deviating representations of bottom 
topography, surface forcing, and lateral boundary parameter- 
izations, among others. 
5.2. Meridional Heat Transport 
The heat transport (Figure 13) derived from the model is 
positive (northward) throughout he subtropical and tropical 
South Atlantic, in accordance with most other computations. 
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South of 10øS, the heat transport is less than 0.5 PW and with 
only weak fluctuations. It rises in the tropics to a maximum 
value of 0.95 PW just north of the equator. The estimates near 
the equator correspond closely to those obtained by Serotrier 
and Chervin [1992] northward from 10øS. The heat transports 
between 23 ø and 10øS do not match the enhanced heat trans- 
port induced by the northward component of the SEC as it 
exists in inverse calculations and the Serotrier and Chervin 
[1992] model. Most prominent isthe low value at 10øS, where 
the modeled heat transport is outside of the confidence range 
given by Macdonald and Wunsch [1996]. In the subtropics the 
model results are especially close to the inversely computed 
numbers and higher than in other low-resolution models. How- 
ever, our model does not resolve eddies and rings that may 
significantly contribute to the higher meridional heat transport 
in the eddy-resolving models. 
The change of the northward heat transport due to the 
assimilation ofvelocity data appears to be consistently higher 
throughout the South Atlantic. However, the difference be- 
tween the two model realizations is small, indicating little in- 
fluence of the relaxation on the net heat transfer from the 
South Atlantic to the North Atlantic. 
Comparison with other estimates of the northward heat 
transport at distinct latitudes reveals ome interesting features. 
Let us consider first the subtropics south of 23øS. Our model 
results fit well into the data range defined by previous investi- 
gators (see Figure 13 caption). In this region the model- 
simulated heat transports are especially close to the values 
obtained through inverse modeling by Holfort [1994] and Mac- 
donald and Wunsch [1996]. However, the heat transport across 
approximately 30øS varies trongly among the different analy- 
ses. The eddy-resolving models generally produce a higher 
northward heat transport, while models of medium horizontal 
resolution have a tendency to yield lower heat transports. As 
Thompson et al. [1997] state, the northward heat transport in 
the South Atlantic depends not only on resolution but also on 
the inflow of Indian Ocean water via the leakage of the AC. 
Failing to reproduce a heat flux connected with this leakage 
may lead to a wrong northward heat transport. This inflow of 
water from the Indian into the Atlantic Ocean, in turn, de- 
pends largely on the inflow parameterization at the open 
boundaries in limited area models. This may explain the rela- 
tively low heat transport in the model of Marchesiello [1995] 
and the higher northward heat transports inother models that 
experience stronger inflow from the Indian Ocean. 
6. Pathway of the NADW Compensating Flow 
The South Atlantic is part of the process that is termed a 
"global conveyor belt" after Broecker [1991]. The NADW is of 
convective origin in the subpolar North Atlantic and leaves the 
Atlantic, joining the Circumpolar Deep Water within the ACC 
in the subpolar South Atlantic. The compensating orthward 
flow of thermocline and intermediate waters in the South At- 
lantic is documented by the northward heat transport. It is 
caused by the northward component of the circulation i  the 
upper 1500 m of the subtropical and tropical South Atlantic. 
Two different schemes have been suggested to explain this 
compensation, both of them received support from various 
numerical and inverse modeling efforts. Within the Warm Wa- 
ter Path (WWP), introduced by Gordon [1986], NADW is 
carried with the ACC into the Indian and Pacific Oceans, 
where it is upwelled into the surface waters. These thermocline 
waters are flowing westward via the Indonesian Archipelago 
(from the Pacific) and the Agulhas Current system into the 
South Atlantic and are eventually transported into the North 
Atlantic. In this scheme the influence of heat transported by 
the intermediate water within the ACC from the Pacific 
through Drake Passage into the South Atlantic is of minor 
importance. 
On the other hand, Rintoul [1991] proposed that it is this 
transport of intermediate water by the ACC (termed Cold 
Water Path (CWP)) that contributes significantly o the north- 
ward heat transport. It does so by gaining heat from the atmo- 
30,998 STUTZER AND KRAUSS: SOUTH ATLANTIC CIRCULATION MODEL 
Table 2. Volume Transports Within the Warm Water 
Sphere (WW), the Near-Surface Ocean (SW) if a Density 
Criterion Was Used to Define Water Types, the 
Intermediate Water (IW), and the Deep Water (DW) as 
Defined in Text 
Volume Transports V 
Water 
Mass Across 30ø/32øS Across 20øE Across 68øW 
England and Gar•on [1994] 
WW 9 -2.5 0 
IW 8 95.5 110 
DW -17 70 53 
Reference Experiment 
WW 6 -2 0 
IW 9 98 102 
DW -16 34 28 
Assimilation Experiment 
WW 9 -2 0 
IW 7 95 104 
DW -16 37 26 
Marchesiello [1995] 
SW* 6 3 1 
IW* 5 96 107 
DW* - 11 30 22 
Matano and Philander [1993] 
SW* 7 3 2 
IW* 2 59 67 
DW* -8 58 51 
Rintoul [1991] 
SW* 8 3 3 
IW* 5 71 83 
DW* -13 55 43 
Saunders and Thompson [1993] 
SW* 13 
IW* 6 
DW* -19 
Transports (in sverdrups) have positive values if the flow is to the 
east across the meridional sections (68øW and 20øE) and to the north 
across the zonal section (30øS/32øS). 
*These water mass definitions differ from others in the table; see 
respective sources cited. 
sphere in the outcrop regions of AAIW within the South At- 
lantic. This effect surpasses the heat import of Indian Ocean 
thermocline water from the Agulhas Current system. 
As shown in this section, our model slightly favors the WWP. 
That is, both pathways coexist with different effects in the 
model, the WWP dominating the heat flux and the CWP 
strongly influencing the salt balance. 
Consider first the heat transport across the zonal section 
along 30øS in Figure 14 (bottom). The solid line denotes the 
vertically integrated heat transport as a function of longitude. 
The symbols are representative of heat transports that are 
vertically integrated over a certain depth range only, as de- 
scribed in the Figure 14 caption. The section is characterized 
by the peak caused by the northward Brazil Current recircu- 
lation between 35 ø and 30øW and the broad northward heat 
flux eastward across the entire subtropical gyre with a maxi- 
mum near 10øE. The Brazil Current itself has been omitted 
from Figure 14 because the discussion is restricted solely to the 
northward heat transport. Three different regimes may be 
identified. The first one is the aforementioned Brazil Current 
recirculation where the intermediate water contributes most of 
the northward heat transport. Second, in the subtropical gyre 
interior the heat flux is more or less equally split among the 
three depth ranges. It is worth noting that the heat flux east of 
the Mid-Atlantic Ridge is significantly higher than west of it. 
The third region is in the vicinity of the eastern boundary 
current that transports heat concentrated in the upper layers 
northward. 
The northward heat flux across 30øS is supplied from the 
south mainly by the inflow from the Agulhas Current system. 
The argument is as follows: the import of heat by the ACC 
through Drake Passage is concentrated in intermediate depths 
as shown in Figure 14 (top). In this depth range the ACC 
carries roughly 50% of its total eastward heat transport. Most 
of it leaves the South Atlantic again while crossing the section 
at 20øE eastward (Figure 14, middle). There the difference 
between the full depth integrated heat transport and the one 
integrated over the upper 1500 m is attributed to the outflow- 
ing NADW. The AC contributes heat into the South Atlantic 
in surface, thermocline, and intermediate depths in almost 
equal parts. Altogether, the contributions of the surface and 
thermocline waters from the Indian Ocean into the South 
Atlantic dominate the influence of AAIW in a ratio of order 
2:1. The assimilation of velocities derived from drifter data 
enhances further the dominance of the WWP by intensifying 
the near-surface inflow of Indian Ocean water at 20øE (not 
shown). 
While the analysis of the heat fluxes seems to indicate the 
dominance of the WWP, this impression has to be modified 
when taking salt transports into account too. Presented in 
Figure 15 are sections of salt fluxes across 20øE and 33øS. A 
similar representation of the heat fluxes (not shown) exhibits 
the concentration of the eastward heat flux in the upper 600 m 
of the AC and a northward, surface-intensified heat flux in the 
subtropical South Atlantic east of the Mid-Atlantic Ridge 
(MAR). The eastward salt transport of the AC encompasses a 
much larger depth range. Though decreasing in strength with 
depth, the area of westward flow broadens to a maximum 
around 1000 m depth, well in the core AAIW. This flow is 
diverted into the subtropical South Atlantic in a strong eastern 
boundary current which is concentrated near the sea surface 
and restricted almost completely to the African Shelf. A mod- 
erate but deep reaching transport of salt is observed east of 
10øW. Again, it is attached to the core of the AAIW at 1000 m 
depth. West of the MAR, there is (except for two limited areas 
with northward flow maximums) only weak salt transport o the 
north, if at all. 
Combining and quantifying the heat and salinity analysis 
reveals that across 33øS, 65% of the northward heat transport 
is attributed to the upper ocean above 550 m depth, with a 35% 
share of AAIW between 550 and 2000 m depth. However, the 
salt transport in the intermediate depth range outweighs 
slightly the importance of the salt transport in the thermocline 
and surface waters in a ratio of 55% to 45%. Together, the 
results show that both pathways are relevant to the compen- 
sation of the NADW outflow, though their respective effects 
on heat and salt balances are fairly different. 
While the inflow in the upper ocean is often confirmed in 
observations [Gordon, 1986, Garzoli and Gordon, 1996] and 
other models [Stevens and Thompson, 1994], there remains the 
need for further discussion on the role of the intermediate 
water. Our model indicates that AAIW has a considerable 
share in the import of heat into the South Atlantic within the 
AC leakage. Though this water is of Pacific origin, it does not 
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penetrate the subtropical South Atlantic west of the Mid- 
Atlantic Ridge as suggested by Rintoul [1991]. Rather, it fol- 
lows closely the path of the ACC and partly recirculates in the 
Indian Ocean to flow westward within the AC. The only region 
in the western South Atlantic where a considerable heat trans- 
fer from subpolar to subtropical regions may occur is the Bra- 
zil-Malvinas Confluence Zone, but the model results do not 
give a hint that a heat exchange really happens there. 
The prevailing inflow around South Africa is biased only 
slightly by the eastern boundary conditions. Once the inflow 
and outflow conditions for the barotropic mode and the tracers 
have been chosen and prescribed, disturbances resulting from 
boundary effects are confined to the viscous boundary zone. 
For example, an accumulation of water near the eastern 
boundary as a result of an incomplete dissolution of outward 
directed flow anomalies may occur and lead to the situation 
that intermediate water is sucked into the Agulhas Current 
system. However, this effect is small and is further eased by the 
relaxation toward climatological tracer data near the bound- 
ary. While this does not affect the circulation at 20øE, the 
initial choice of boundary data may have a considerable impact 
on the transfer of Indian Ocean waters into the Atlantic. For 
example, as has been shown by Ou and De Ruijter [1986], the 
strength of the AC is one factor that determines the location 
where this current retroflects. This, in turn, influences the flow 
of Indian Ocean water into the South Atlantic. The stronger 
the AC is, the farther east the retroflection of the current 
occurs. On the other hand, the retroflection ceases and Indian 
Ocean water flows along the continental shelf into the Atlantic 
if the AC is weak. 
7. Conclusions 
In this paper it has been demonstrated that a climatologi- 
cally forced, limited domain, noneddy-permitting numerical 
model is capable of reproducing the essential characteristics of 
the South Atlantic mean circulation and hydrography. 
The assimilation of velocity data derived from a surface 
drifter data set led to an improved representation of large- 
scale features, as the structure of the subtropical warm water 
sphere. The meridional heat transport is consistently higher in 
the assimilation experiment than in the reference run, al- 
though the quantitative differences between the two model 
realizations are small. In accordance with most other model 
results, we deduced a positive (northward) meridional heat 
transport throughout the South Atlantic, north of 33øS. Ref- 
erenced with inversely calculated estimates, the modeled heat 
transport is reproduced especially well in the subtropical ocean 
and near the equator while discrepancies arose in the tropics 
off the equatorial belt. 
On regional and local scales, however, the assimilation of 
velocity data proved to be problematic: the incomplete data 
coverage in combination with the chosen assimilation method 
generated strong divergences of the flow field, especially at the 
rim of the observed velocity field. This led to locally unrealistic 
tracer distributions. We believe that the patchy distribution of 
the observed velocities is the main reason for the local defor- 
mation of the density structure which, in turn, is due to the 
divergences between observations and model. Future experi- 
ments will concentrate on the assimilation of velocity data that 
are objectively analyzed before the assimilation. While this 
data preprocessing may generate additional flow patterns, it 
will reduce or even eliminate divergent flow. 
The analysis of the modeled hydrography and flow field 
documented the role of the South Atlantic as part of the global 
thermohaline circulation. The flow of heat and salt within the 
NADW into the Indian Ocean has to be balanced by return 
flow in intermediate and surface layers. The AAIW flows into 
the South Atlantic within the ACC through Drake Passage as 
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Figure 14. Heat transport in peta watts across ections along (top) 68øW, (middle) 20øE, and (bottom) 30øS 
from the reference experiment. The solid lines represent he full depth-integrated transport across the 
respective section. The heat transports integrated over the top 100 m and over the depth ranges of 100 to 
500 m and 500 to 1500 m are indicated by stars, squares, and triangles, respectively. 
well as in a recirculation within the AC south of South Africa. 
It has been shown that the latter path dominates the inflow of 
AAIW. It leaks into the South Atlantic below the warm Indian 
Ocean surface water. The AAIW is of crucial importance for 
the salt balance, while the surface and thermocline waters 
dominate the heat flux from the Indian into the Atlantic 
Ocean. The mixing of AAIW across the ACC and the subtrop- 
ical front into the subtropical ocean is less pronounced. Both 
analyses combined suggest a slight dominance of the so-called 
"warm water path." 
Certainly, one has to keep in mind the coarse resolution of 
the model grid and the simplified lateral boundary conditions, 
so that this estimate should be interpreted merely as a prelim- 
inary suggestion that might be revised in future models. An 
increased and eddy-resolving horizontal resolution may con- 
siderably improve the model results in the Brazil-Malvinas 
Confluence Zone as well as in the Agulhas Retroflection area 
and thus allow for an eddy-induced transfer of intermediate 
and Indian Ocean thermocline waters into the subtropical 
South Atlantic. 
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